This study investigated the influence of different surface treatments on fracture load (FL) of canine crowns fabricated from two different pressable lithium-disilicate ceramics: A (HS10PC, estetic ceram, n=180) and B (IPS e.max Press, IvoclarVivadent, n=120). The standardized specimens were divided into groups of six different surface treatments and two glazing temperatures. A-group specimens were additionally assigned two glazing pastes with various thermal expansion coefficients (TEC). FL was measured and TECs were determined. Data were analyzed using three/one-way ANOVA followed by post-hoc Scheffe's test. B showed comparable or higher FL than A (B: 503-876 N; A: 375-734 N). Lithium-disilicate crowns show higher FL when not grinded but only polished or glazed. Glazing pastes affected FL depending on their TECs, firing temperature and crown treatment. TEC of A and B was 10 ppm/K, glazing pastes for A presented TECs of 7.5 ppm/K and 10 ppm/K and for B of 9 ppm/K.
INTRODUCTION
All-ceramic dental restorations are characterized by a high biocompatibility and an outstanding esthetic appearance [1] [2] [3] [4] . This is why ceramics are becoming increasingly popular and are used more and more in esthetic and restorative dentistry 5) . Various studies have reported excellent properties of ceramics, such as high resilience, flexural strength, low thermal conductivity and minimal plaque accumulation 1, 3, 6, 7) . Many experiments were run in order to find a way to minimize cracking, chipping and fracture 6, 8, 9) as a result of brittleness and low tensile strength 3) . It was proved that the composition of the ceramics and different firing processes could influence mechanical, physical and esthetic properties 5, 10) . The evolution of glass-ceramics in the dental field was profoundly influenced by the increase in crystalline structure of up to 60-70% and reinforcement through lithium-disilicate or lithium-orthophosphate (Li 2Si2O5, Li3PO4) 4, 7) . This led to a flexural strength two to three times higher than that of conventional glass-ceramics 1, [3] [4] [5] 7, [11] [12] [13] leading to a stability that made glass-ceramics suitable for restorations in the molar region 3, 13, 14) . While lithium-disilicate ceramics combine excellent esthetic results such as high translucency 3, 6, 7) with good mechanical properties 4, 7, 13) , doubts still remain concerning long-term durability 11, 12, 15) . Even the smallest of porosities in the glass-ceramic surface and micro flaws 9) allow penetration of fluids such as saliva and water 11, 15, 16) which can promote the growth of cracks and spontaneous chipping, leading to a fracture of the restoration 6, 11) . Furthermore, temperature influences may promote the growing of hairline cracks 4, 15, 17) . Hence the percentage of lithium-disilicate crystals was increased; to antagonize flaw prolongation and cracking 4, 11) . The crystalline structure and the surface treatment have a direct effect on the flexural strength and cracking tendency of the glass-ceramic restoration 2, 11, 16, 18) . So as to create smoother surfaces and avoid surface roughness and porosities, either glaze firing or a special polishing regimen can be applied 10, 19, 20) . A smoother surface also augments the stability of the glass-ceramic restoration 4, 16, 20) and reduces the occurrence and growth of flaws 2) . Existing flaws are minimized in depth and sharpness. One study shows that simply polishing the surface of the ceramic crowns considerably increased fracture load 21) . Other research shows that the fracture load is already decisively improved by simply glazing the restoration surface 16) . These two techniques however, have not yet been directly compared. It is therefore not yet evident whether polishing or glazing is the more effective way of strengthening the surface of the ceramic restorations 2, 20, [22] [23] [24] . It is therefore essential to find a surface treatment that will protect ceramic restorations from the strong physiological and paraphysiological forces of the masticatory system 12, 16, 25) . Glaze firing provides the most homogeneous, and thereby smoothest, most hygienic, and resistant surface 19, 20, 26) . However, sometimes a restoration requires grinding immediately after a newly applied glaze, and sometimes definitely cemented crowns show bite rising, and then require grinding. The essential question is how to best treat the surface so as to strengthen it after grinding. A cumulative survival rate of 94.8% after 8 years declare lithium-disilicate crowns a reliable treatment option, no matter how far posterior the restoration was located in the dentulous jaw or which cementation method was used 27, 28) . Therefore lithium-disilicate ceramic seems a promising material for dental restorations, even in the molar region 6) . The aim of this in vitro study was to examine the influence of different surface treatments on canine crowns made from two different lithium-disilicate ceramics. A new lithium-disilicate press-ceramic HS10PC=A with the well-known lithium-disilicate press-ceramic IPS e.max Press=B was compared. The first hypothesis stated that both lithium-disilicate ceramics show similar fracture load results regardless of surface treatment. The second hypothesis stated that the glazing material, defined by a specific thermal expansion coefficient (TEC) and a specific firing temperature, has no effect on fracture load results. The third hypothesis stated that grinding and finishing polishing of interfering occlusal contacts has no influence on the fracture load results of lithium-disilicate ceramic crowns.
MATERIALS AND METHODS
All the materials used in this study are listed in Table 1 with Lot numbers, manufacturers and compositions.
Fracture load measurement
A master monolithic crown, with a circular wall thickness of ca. 1.5 mm and an incisal thickness of ca. 1.9 mm, fitting on a given anatomically prepared maxillary canine CoCr-alloy abutment served as a template for constructing identical wax crowns [29] [30] [31] [32] . To enable standardized reproduction a silicone key of the master crown and its master CoCr-alloy abutment was produced. Thereafter, 300 identical crowns were sprayed using a vacuum wax injector (Wachsspritzgerät WP-05, Karl Fischer, Pforzheim, Germany) with liquid wax (Spritzwachs hart grün, Karl Fischer).
Subsequently, the lithium-disilicate crowns were pressed. For the fabrication of A (Press-ceramic HS10PC, Estetic Ceram, Triesen, Liechtenstein), 180 wax crowns were embedded (HS-PC Speed Investment material for pressable ceramics, Zubler, Ulm, Germany) and preheated in a furnace (Typ 5635, Kavo Ewl, Biberach, Germany) at 850°C for 60 min. Specimens were pressed in a ceramic press furnace (Vario Press 300, Zubler) with a closing furnace temperature of 700°C, a heat rate of 60°C/min and a final temperature of 915°C (held for 20 min). The pressure time was 3 min at 3 bar pressure.
For B (Press-ceramic IPS e.max Press, Ivoclar Vivadent, Schaan, Liechtenstein), 120 wax crowns were embedded (Speed Investment IPS Press Vest Speed, Ivoclar Vivadent) and preheated as described for A. Crowns were pressed in a ceramic press furnace (EP 500 IPS Empress, Ivoclar Vivadent) with a closing temperature of 700°C, a heat rate 60°C/min and a final temperature of 930°C (held for 25 min). Pressure time was 15 min at 5 bar pressure.
After cooling to room temperature all crowns were divested and cleaned by air-abrasion (sandmaster FG3-92, Sandmaster AG, Zofingen, Switzerland) using 105 µm and 50 µm mean alumina powder (Aluminiumoxyd Table 2 Division of the lithium-disilicate specimen groups. All subgroups contained 15 specimens
Groups
Labside polishing Glaze firing Chairside grinding Chairside polishing Glazing
g1: glaze paste for A TEC 7.5 ppm/K g2: glaze paste for A TEC 10 ppm/K g3: glaze paste for B TEC 9 ppm/K 50 µm/105 µm Orbis Dental, Orbis Dental Münster, Germany) at a pressure of 4 bar and 2 bar, respectively. B crowns were additionally etched with an acidic agent (IPS e.max Press Invex Liquid, Ivoclar Vivadent) so as to remove the reaction layer and then air-abraded with 50 µm mean alumina powder at 2 bar pressure. Casting sprues were cut with a completely coated diamond disc (918PB, Komet, Lemgo, Germany) and a round end taper diamond bur (7351, Komet). Dipping the specimens into water served as cooling method. The crowns were fitted to the prepared CoCr-alloy abutment with a round tapered chamfer diamond bur (S6856, Komet). Thereafter, A crowns (n=180) were randomly divided into 12 subgroups and B crowns (n=120) into 8 subgroups according to specified surface treatment ( Table 2 ).
1. Surface treatment of the ceramic crowns Labside-polishing (1): the outside surface of the lithiumdisilicate crowns was polished with a coarse universal silicone polisher (L22, EVE, Pforzheim, Germany), followed by a ceramic polisher interspersed with diamond grit (94003M, Komet). For high gloss polishing a polishing wheel (Dia Finish L medium-hard 40-0001, Renfert, Hilzingen, Germany) with a polishing paste (Dia Glace diamond paste, pink, Yeti, Engen, Germany) was employed. During this finishing process, the specimens were cooled by ethanol 80% (Otto Fischar, Saarbrücken, Germany). Polishing was continued until the specimens showed a brilliant glossy surface without any visible scratches or unevenness.
Labside-polishing/glaze firing (2): in the first step, the whole crown surface was labside-polished as described above. Thereafter, the crowns were cleaned in an ultrasonic unit (Nr 684 Transistor Ultrasonic T-14, L&R Manufactoring, Kearny, USA) with distilled water for 10 min and subsequently glaze fired in a ceramic furnace (VITA Vacumat 40, Vita Zahnfabrik, Bad Säckingen, Germany). Glaze firing was simulated without an additional ceramic layer, the firing parameters were used according to the manufacturer's instructions (Table 3 .1). This procedure did not require vacuum generation during the firing process. Glazing (3, 4): primarily, crowns were cleaned in the ultrasonic unit for 10 min. Then, the outside surface was coated with a thin layer of glazing material. The glazing process was performed in the ceramic furnace VITA Vacumat 40. Two different glazing pastes g1 and g2 (glaze Zirkon Titan and glaze HS10PC, estetic ceram) with different TECs were used to glaze the A groups. The glazing paste and the appropriate liquid=g3 (IPS e.max glaze powder/glaze and stain liquid allround, Ivoclar Vivadent) were used to glaze the group B. The firing schedules followed the manufacturers' instructions: for each ceramic material two different end-temperatures (A: 770°C, 800°C/B: 725°C, 770°C) were used. As two different glazing pastes g1 and g2 were tested for A at both temperatures, the A group had twice as many glazing groups (Table 3 .1). The glazing material and the firing process were performed twice for each crown so as to obtain optimum shine. No vacuum generation was required for the glazing process of the A group.
Labside-polishing/grinding (5): Labside-polishing was carried out in the same manner described in the passage "Labside-polishing (1)". Grinding was done as chairside grinding. To simulate clinical practice, only the palatal side of the incisal edge of the crown was grinded, namely at the very point where the fracture load would hit the crown. For the grinding process a diamond bur with a tapered shoulder and a rounded edge (6847 KR, Komet), fixed in a water-cooled air turbine (Kair plus Type 745, Kavo Ewl) was used, by grinding over the specified area three times for ca. 5 s using stylus pressure.
Labside-polishing/grinding/chairside-polishing (6): Labside-polishing is described in the passage "Polishing (1)". Palatinal grinding was performed as described in the passage "Labside-polishing/grinding (5)". After grinding, the second polishing round took place only within the previously grinded area so as to simulate chairside-polishing. Polishers with interspersed diamond grit (94005M, 94005F, Komet) were used. Cooling was ensured by dipping the specimens in ethanol 80%.
Labside-polishing/grinding/chairside-polishing/ glazing (7, 8) : Labside polishing, palatal grinding and palatal chairside polishing was performed in the same manner as described in the passages "Labside-polishing (1)", "Labside-polishing/grinding (5)" and "Labsidepolishing/grinding/chairside-polishing (6)". After these three processes the whole crown surface was coated with the different glazing materials g1, g2 and g3 described in the passage, "Glazing (3, 4)". The glazing process was performed in the exact same order, with the same temperatures and the same furnace for A and B materials as described in passage "Glazing (3, 4)" also twice for each crown.
After the different treatments, all crowns were cleaned in the ultrasonic unit with ethanol 80% for 10 min and adhesively bonded with resin composite cement (Variolink II, Ivoclar Vivadent) to the corresponding CoCr-alloy abutments. For polymerization an LED lamp (Elipar S10, 3M ESPE, Seefeld, Germany) with a light intensity of about 1,200 mW/cm² and wavelength of 430-480 nm was used for 15 s from buccal, mesial, distal, palatal, while the crowns were fixed to the CoCralloy abutment with finger pressure. Thereafter, the cemented crowns were stored in an incubator (Type U30, Memmert, Schwabach, Germany) at 37°C for 4 h.
Fracture load (FL) was measured by fixing the crown in a special retaining jig (Fig. 1) in the Universal Testing Machine (Zwick 1445, Ulm, Germany). The load was induced with a flat jig on the palatal surface of the incisal edge at an angle of 45° to the long axis of the tooth 29) with a crosshead speed of 1 mm/min. So as to avoid force peaks and increase the loadbearing area, a teflon tape (Angst+Pfister, Saint-Gobain, USA) was placed between the incisal edge of the ceramic crown and the loading jig.
Thermal expansion coefficient measurements
Two bars were fabricated from A and B by the help of standardized wax sticks (3×4×30 mm) as described above for the manufacturing of the crowns. The same equipment, materials, press parameters and oven temperatures were used. The lithium-disilicate ceramic bars were cut to a length of 25 mm with a diamond saw (Woco 50, Uniprec, Clausthal-Zellerfeld, Germany). To define the TEC of the 3 applied glazing materials g1, g2 and g3 as well, it was necessary to produce two equal sticks of each glazing ceramic material. The glazing powder of each material was mixed with some drops of distilled water. The damp mixture was manually pressed in a form of stainless steel, 4.3×4×39 mm. The form consists of three parts (patrix, matrix, spacer). The specimens were put onto a fire proof base and were fired in a ceramic firing dental furnace (Vario 300, Zubler) according to manufacturers firing instructions ( Table  3. 2). After cooling to room temperature, they were shortened to the same length as the ceramic sticks.
TEC measurements were conducted in a dilatometer (Dilatometer 803L, Bär Thermoanalyse, Hüllhorst, Germany) with the corresponding software Win TA. The thermal expansion was stated according to international standard (EN ISO DIN 6872:2008) in a temperature range up to 500°C for the lithium-disilicate ceramic. For the glazing pastes temperature range was up to 450°C. For each lithium-disilicate ceramic and each glazing paste the two specimens (fabricated as explained above) were placed in the dilatometer and heated to 700°C at a heating rate of 5°C/min. The thermal expansion of the specimens moved a quartz pushrod and its displacement were registered via induction inside the measuring head. Calibration occurred with sapphire calibration specimens with a known TEC. Each group included two specimens that result in 10 specimens.
Statistical analysis
Descriptive statistics such as means, standard deviation (SD) and the corresponding 95% confidence intervals (95%CI) were calculated for all obtained data. Normality of data distribution was tested using KolmogorovSmirnov and Shapiro-Wilk tests. Three-and oneway ANOVA together with the Scheffe's post-hoc test was applied in order to investigate the fracture load differences between the groups. The impact of TEC was calculated using two-sample size unpaired t-tests. In addition, Weibull statistics (shape, scale) were computed. In all tests p-values smaller than 5% were considered to be statistically significant. The data were analyzed using a software package for statistical analysis (SPSS Version 20, SPSS, Chicago, IL, USA).
RESULTS
For the statistical analysis of fracture load results, parametric analyses were used, as all groups were distributed normally. According to the three-way ANOVA, the lithium-disilicate ceramics (p<0.001), the treatment methods (p<0.001) and the TEC (p<0.001) showed a significant impact on the fracture load results. Also an interaction between these parameters was observed (p<0.001). Therefore, the data was split and analyzed with respect to the tested hypothesis. All results are summarized in Table 4 .
Impact of the lithium-disilicate ceramic
For the following treated groups, no difference between the tested lithium-disilicate ceramics was observed: 1 (p=0.391), 2 (p=0.299), and 4 (p=0.067). However, within the treatment groups 5 and 6, lithium-disilicate ceramic B showed a significantly higher mean fracture load than lithium-disilicate ceramic A (p<0.041). B3.g3 showed a significantly higher mean fracture load than A3.g1 (p<0.001) or A3.g2 (p=0.001). Between A3.g1 and A3.g2 no difference was observed (p=0.369). B7.g3 and B8.g3-groups showed higher mean fracture load than A7.g1/g2 and A8.g1/g2, regardless of the TEC (p<0.016). In contrast, within the treatment group 7 no differences between A7.g2 and B7.g3 were found (p=0.638). As to lithium-disilicate ceramic A, within the treatment groups 7 and 8, the higher TEC (10) of the glazing ceramic=g2 showed significantly higher fracture load results compared to lower TEC (7.5)=g1 (p=0.003).
Impact of surface treatment
Within A groups a significant impact of treatment was observed (p<0.001) and three different value ranges of fracture load were determined. Five and 8.g1 showed a significant lower mean fracture load than 7.g2, 1, 4.g2, 4.g1 and the 2. These last five groups presented the highest mean fracture load results measured. Values of B also showed three different value ranges of fracture load (p<0.001). 6, the group with the lowest Fig. 2 Thermal expansion coefficient measurement.
values measured, presented significantly lower mean fracture load values compared to the 5, 2, 4.g3 and 3.g3 groups. The 3.g3 group showed the highest values which were significantly higher than the results of the 8.g3, 7.g3, 1 and 6 groups measured.
No differences of Weibull moduli between all tested groups were observed. The values ranged between 3.3 (A4.g1/A8.g1) and 6.2 (A1) ( Table 5) .
A and B lithium-disilicate ceramics showed TEC of 10 ppm/K. A glazing pastes presented TECs of g1: 7.5 ppm/K and g2: 10 ppm/K . B glazing paste g3 showed a TEC of 9 ppm/K (Fig. 2) .
DISCUSSION
The results of this study showed that the FL of lithium-disilicate crowns significantly depends on the ceramic material as well as on the surface treatment, in all except four of the tested groups: 1, 2, 4.g1/g2/g3, A7.g2/B7.g3. A study published in 2010 found that 4 different glass-ceramic CAD/CAM materials presented different FLs 20) . For these polished or overglazed geometric specimens of these materials were fixated to a plane dentin layer and FLs were compared. While considerable differences in FL between the varying ceramic materials were verified, surface treatment led to no measurable influence on the FL. In the present study, 3D anatomically shaped canine crowns were fixed to an anatomically prepared CoCr-alloy abutment. This design shows a higher correspondence to clinical requirements of the masticatory system. The emphasis here is on the inevitably varying layer thicknesses and tensions in anatomically shaped crowns. Another study 18) performed with anatomically shaped crowns clearly demonstrated the impact of surface treatment on the FL. Molar crowns were pressed from B-ceramic; one of the ceramic materials tested in this study. The surfaces were either solely polished or veneered and FL values were measured. FL values were considerably influenced by the two different surface treatments: crowns that were only polished showed considerably higher FL values.
The first hypothesis, that both lithium-disilicate ceramics show similar fracture load values regardless of surface treatment, must therefore be rejected. Although the restorations of the two different ceramics were produced with varying parameters e.g. different investment materials (as recommended by the manufacturer), different pressing furnaces, pressing temperatures and pressures, these variations are of minor importance. This can be concluded when observing that groups with minimal surface treatment (1, 2) showed no significant FL differences. So even etching B during divesting caused no measurable influence on FL. Significant differences, however, were measured when the ceramic specimens underwent extensive and invasive mechanical surface treatments and/or glazing paste was applied.
Several studies have investigated glass-ceramic materials as veneering material for zirconia. They show how those glass-ceramics influence the FL values of the veneered crowns 29, 30) . It is crucial that the TEC of the veneering material and the core material fit together perfectly 23, 31) . The TEC of the core material should be slightly higher than the TEC of the veneering material. The difference of the TEC values of core and veneering materials is recommended to vary between 1-1.5 ppm/K. This minimizes internal tensions and crack growth 9, 33) . These findings corroborate with the results of the present study. TECs of E-ceramic is 10 ppm/K, and the utilized glazing paste 9 ppm/K are perfectly synchronized. Glazing with this material provided the best FL results in B-groups. Higher glazing temperature produced better results than lower temperature. TECs of A ceramic 10 ppm/K and glazing pastes, g1 glaze LOT 07112: 7.5 ppm/K as well as g2 glaze LOT 140413: 10 ppm/K were less adapted to each other. With regard to both A-glazing pastes; lower glazing temperatures achieved higher results than higher temperatures. An improvement of A-glazing values can eventually be achieved by adaptation of the TEC of the glazing pastes to the TEC of the ceramic material as described above for B-ceramic materials. This point should be investigated by further studies. In summary, it was found that glazing materials had a positive influence on FL values. Therefore, the second hypothesis, that glazing material defined by a specific TEC and a specific firing temperature has no effect on fracture load results, must be clearly rejected.
In daily clinical practice it is often necessary to grind the surface of a new ceramic crown before or after insertion so as to create correct and reliable occlusion and articulation. This, however, leads to a roughened surface, which must be glazed or polished in order to ensure optimal esthetic appearance as well as a positive long term soft tissue performance 10, 26) . Smooth surfaces are also decisive for the abrasive behavior and the clinical wear performance of the ceramic crowns. A study investigated the abrasive behavior of solely grinded ceramic surfaces in comparison with polished, repolished and glazed surfaces of test specimens 15) . There was also a lithium-disilicate ceramic among the tested materials. With regard to surface smoothness there is almost no difference between polished, polished-ground-repolished and glazed specimens. Wear performance between polished and polished-ground-repolished specimens was not significantly different. Polished-ground or only glazed specimens exhibited higher abrasion. Subsequently surface treatment of glass-ceramics has an impact on esthetic appearance as well as on wear performance. This study showed that FL varies considerably by application of diverse surface treatments. While repolishing can restore smoothness after grinding it cannot compensate the impairment of ceramic material after grinding, e.g. occurrence and growth of flaws, as can be seen in the FL results. Furthermore, the reduction of the wall thickness of the crowns due to grinding should be respected. This might imply however an additional weakening of the work piece. These results seem contrary to the high FL values of the B5 group compared to the A5-group, which however, cannot be explained so far. This means that the third hypothesis, that grinding and finishing polishing of interfering occlusal contacts has no influence on the FL results of lithium-disilicate ceramic, must be rejected.
It was concluded that even though higher FL values were found for B crowns, the FL values found for A were nevertheless so high that crowns fabricated from this material should be able to physiologically withstand occurring masticatory forces. A study published in 1977 examined occurring bite forces in the human masticatory system 25) . Maximal values of approximately 382 N were measured in the molar region of males. As can be seen in Table 4 , the present study showed that both ceramic materials were able to tolerate these stresses.
While the study aimed to simulate the daily clinical situation, it is still limited in this aspect. Although anatomically shaped canine crowns were fabricated in as standardized a manner as possible, and were treated only by one individual, varying thicknesses in the ceramics cannot be excluded. This represents the clinical situation in the dental practice and the laboratory. Pressable ceramics are not suitable for CAD/CAM production. By excluding human work, and thereby possible inaccuracies, milling of wax specimens might guarantee equal layer thickness. This might be considered a point of improvement within the design of this study.
Clinically relevant parameters like humidity, temperature fluctuations, and alternating loads should be taken into account in further studies in order to make more precise statements about the characteristics and application of lithium-disilicate ceramics for esthetic and functional rehabilitation of the masticatory system.
CONCLUSIONS
Within the limitation of this in vitro study, the following points could be concluded:
1. Surface treatments influenced the FL and caused differences between the two tested lithiumdisilicate ceramics B and A. 2. Lithium-disilicate crowns showed higher FL when they were only polished or glazed and not grinded.
Glazing materials affected FL depending on their
TECs, firing temperature and crown treatment. 4. With one exception (B5), grinding had a negative influence on the FL. This negative influence could not be reduced solely by polishing.
